Fischer-tropschliquid Fuel Production by Co-gasification of Coal and Biomass in a Solar Hybrid Dual Fluidized Bed Gasifier  by Guo, P. et al.
 Energy Procedia  69 ( 2015 )  1770 – 1779 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review by the scientific conference committee of SolarPACES 2014 under responsibility of PSE AG
doi: 10.1016/j.egypro.2015.03.147 
International Conference on Concentrating Solar Power and Chemical Energy Systems, 
SolarPACES 2014 
Fischer-Tropsch liquid fuel production by co-gasification of coal 
and biomass in a solar hybrid dual fluidized bed gasifier 
P. Guoa,c, W. Sawa,c, P. van Eyka,c, P. Ashmana,c,*, G. Nathanb,c and E. Stecheld 
aSchools of Chemical Engineering, University of Adelaide, North Terrence Campus, SA 5005, Australia 
 bMechanical Engineering, University of Adelaide, North Terrence Campus, SA 5005, Australia 
cCentre for Energy Technology, University of Adelaide, North Terrence Campus, SA 5005, Australia  
dLight Works, Arizona StateUniversity, Tempe, AZ, USA 
Abstract 
A coal to liquid (CTL) polygeneration process with a solar hybrid dual fluidized bed (SDFB) gasifier (SCTL) is investigated in 
recently processing paper. A storage unit was integrated to store sensible heat in bed material in order to reduce the influence of 
solar resource transience. In this paper, a Fischer-Tropsch liquid fuel production system via solar hybrid co-gasification of coal 
and biomass in SDFB gasifier (SCBTL) is investigated. The energetic and environmental performance of the SCBTL system is 
assessed as a function of the biomass ratio and char conversion. It is found that the performance of the SCBTL system is found to 
be less sensitive to char conversion in the gasification reactor (Xchar,g) than the SCTL system. As the Xchar,g decreases from 100% 
to 57%, the annually averaged solar share of the SCTL system is reduced from 24% to 0, while the solar share of the SCBTL 
system with wood fraction (higher heating value basis) of 0.5 and 1 only decreases to 7% and 13% respectively. It is tricky to 
achieve very higher char conversion (especially higher than 85%) in the gasification reactor we studied, so this reduction of 
impact of the char conversion is very important. To achieve a mine-to-tank (MTT) GHG emission which can match the well-to-
tank (WTT) greenhouse gas (GHG) emission, a wood fraction of 0.24 and 0.37 is required respectively for the SCBTL system 
with a char conversion of 100% and 70%, while this required fraction is increased to 0.45 for the non-solar equivalent. However, 
parameters optimization and other system design options need to be studied to improve the performance of SCBTL further and 
adjust the ratio of FTL to net electricity in the system output. 
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Nomenclature 
AGR acid gas remover  
BFB bubbling fluidized bed 
ASU air separation unit 
CR combustion reactor 
CTL coal to liquid  
CBTL coal and biomass to liquid 
DFB dual fluidized bed 
F fraction in blends 
FFB fast fluidized bed 
FTL  Fischer-Tropsch liquid 
GHG greenhouse gas 
GR gasification reactor 
HHV higher heating value 
HRSG heat recovery and steam generate 
Q heating value of fuel, heat flow (J) 
MTT mine to tank 
SC storage capacity (hours) 
SCTL solar hybrid coal-to-liquid 
SCBTL solar hybrid coal and biomass to liquid 
SDFB solar hybrid dual fluidized bed 
SR solar receiver 
SS solar share 
W electricity output (J) 
WGSR water gas shift reactor 
WTT well to tank 
X conversion of reactant 
 
Greek Letters 
Ș  efficiency, heat loss ratio 
Ɏ  ratio of net solar energy transferred by the bed material to the gasification reactor if the heliostat collector is 
operating under optimal angle to the heat required by the DFB gasifier if no additional feed is used 
 
Subscripts 
ann annual based 
elec electricity 
g gasification process 
sol solar 
stg storage unit 
w wood 
1. Introduction 
Fischer-Tropsch liquid fuels (FTL) produced by carbonaceous fuels gasification is considered to be a promising 
alternative fuel in the next decades [1]. Recently, the coal-to-liquids (CTL) process has received more attention due 
to the huge reserves of coal [2-4]. However, the high greenhouse gas (GHG) emissions from CTL process limit their 
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implementation [4-6]. A promising approach to reduce the GHG emissions from the CTL process is to integrate 
concentrated solar energy into the endothermic coal gasification process to provide all or part of required heat [7, 8]. 
However, the GHG emissions from the solar hybrid coal-to-liquids (SCTL) process are still higher than that of diesel 
production from tar sands or conventional mineral crude [7, 8]. FTL system via co-gasification of coal and biomass 
(CBTL) is widely investigated aims to lower GHG emissions [4, 9]. Limited assessment of FTL production system 
via solar hybrid co-gasification of coal and biomass (SCBTL) has been reported, especially for the SCBTL system 
via solar hybrid dual fluidized bed (SDFB) gasifier. Therefore, the overall objective of this work is to assess the 
energetic and environmental performance of the SCBTL process with a SDFB gasifier. 
To date, a limited number of investigations of solar hybrid FTL production system have been reported [7, 8, 10]. 
Kaniyal et al. [7] assessed the performance of a SCTL process with a solar hybridized vortex flow gasifier using a 
pseudo-dynamic model. An air separation unit (ASU) and oxygen and syngas storages were required to maintain the 
continuous plant operation. The MTT GHG emissions were decreased by 30% and the energy output was increased 
by 21% relative to the non-solar case. In order to meet the GHG emissions of diesel from tar sands and conventional 
mineral crude, or even to achieve zero GHG emissions, the SCBTL process is proposed and assessed [10]. It was 
found that a 30% biomass co-gasification fraction by weight was required for the SCBTL process to match the GHG 
emissions of diesel from tar sands, while this fraction was found to be 45% for non-solar (CBTL) case. Moreover, a 
biomass fraction of 60% was required by the SCBTL process to achieve the zero MTT GHG emissions, while the 
fraction was 70% for non-solar case to achieve the same target. Typically, the feedstock cost for biomass is 3~4 
times higher than coal, therefore, it is important to reduce the feedstock cost by reducing the biomass fraction [10].  
The stringent particle size requirement of the vortex flow gasifier is a barrier to its implementation in biomass 
gasification. Furthermore, the output syngas for such gasifier is prone to the diurnal variation of solar radiation and it 
is likely to impact the utilization factor of the downstream processes. Therefore, the concept of solar hybrid dual 
fluidized bed (SDFB) gasifier is proposed. It is suitable for biomass and low rank coal gasification and does not 
require an expensive ASU [8, 11]. And the bed material can be used to store solar energy as sensible heat to response 
to the transient solar resources. Guo et al. [8] have conducted an assessment of the performance of a solar hybrid 
coal to liquid process with a SDFB gasifier and which has steady syngas output can be achieved with a solid bed 
material sensible heat storage unit. For the SCTL process, more than 20% increase in energy output and more than 
30% reduction in GHG emissions relative to non-solar case. Moreover, the high utilization factor of heliostat and the 
steady syngas output from the gasifier can benefit its industrial application. However, the performance of SDFB 
gasifier in the SCTL system is highly dependent on the char conversion in the gasification model. High char 
conversion (>85%) is hard to achieve, especially for the less reactive coal char, in the model as the gasifier is 
operated under atmospheric pressure with steam as the gasifying agent [11]. On the other hand, the high reactivity of 
biomass char could improve the overall char conversion. And the less fixed carbon content in the biomass could also 
improve the overall performance of the SCTL system under low char conversion. However, no report has been 
presented yet to assess the performance of the SCBTL system with a SDFB gasifier. 
In the present paper, the energetic and environmental performance of the SCBTL system with a SDFB gasifier is 
assessed as a function of different char conversion in the gasification reactor and different biomass fraction in the 
feedstock. The energy balance analysis is also carried out to show the energy distribution in the system. 
2. Methodology 
2.1. SCBTL system and SDFB gasifier description 
The simplified schematic diagram of the SCBTL system is presented in Fig. 1. The feedstock to the system is the 
blends of lignite coal and biomass. The tar in the raw syngas from the SDFB gasifier is removed in the tar reformer, 
and the cleaned syngas is cooled down and compressed. The H2 to CO ratio is adjusted in the water gas shift reactor 
(WGSR), and then the acid gas is removed in the acid gas remover (AGR). The upgraded syngas is synthesized in 
FT reactor to produce FTL, and the tail gas is burned in the gas turbine to generate electricity. The heat recovery and 
steam generator (HRSG) is used to recover the heat released from the system to generate steam for steam turbine 
and steam demand in the system. In this system, all unit operations were modeled by ASPEN PLUS software.  
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Fig. 2 shows the schematic configuration of the SDFB gasifier and auxiliary equipment unit presented in the 
SCBTL system diagram [8]. The gasification and combustion processes occur in separate reactors. Olivine is used as 
bed material in the SDFB gasifier to transfer the heat from combustion reactor (CR) and/or solar receiver to the 
gasification reactor (GR). The temperature and flow rate of the bed material are maintained constant to achieve 
steady operation of the gasification reactor and downstream process. The warm and hot bed material storage units 
are used to accommodate the transience of solar radiation. And the solar receiver is a directly irradiated cavity 
receiver with an aperture to integrate solar radiation.  
 
Fig. 1. Simplified flowsheet for the SCBTL process with a SDFB gasifier. 
 
Fig. 2. Flowsheet of the SDFB gasifier integrated with a solar receiver and the sensible heat storages. 
The operation strategy of the SDFB gasifier and its auxiliary equipment is shown in the diagram presented in Fig. 
3 [8]. In Fig. 3, the symbol ĭ is defined as the ratio of net solar energy transferred by the bed material to the 
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gasification reactor if the heliostat collector is operating under optimal angle (Qnet,sol,full) to the heat required by the 
DFB gasifier if no additional feed is used (QDFB, constant): 
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where Șradi,loss is the ratio of radiation loss; TSR is the temperature of solar receiver. Șother,loss,sol is the ratio of other 
heat loss in solar receiver except radiation loss, which is assumed to be 0.1; Șstg,loss is the ratio of heat loss in the 
storage unit, which is assumed to be 0.05. Acoll is the area of the heliostat area; I is the solar isolation; Șopt is the 
optical efficiency of all mirrors and reflectors and it is assumed to be 61% [8, 12, 13]. 
 
Fig. 3. Logical control diagram of the SDFB gasifier according to the variation of solar radiation. 
However, as described in Fig. 3, under some specific condition, the angle of the heliostat should be turned to a 
suboptimal value. Therefore, the net solar energy transferred by the bed material to the gasification reactor under 
any condition (Qnet,sol) should be defined: 
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where Ucoll is the utilization factor of the heliostat. 
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2.2. Pseudodynamic process model 
The SCBTL process is simulated based on the pseudodynamic model developed previously [8]. The dynamic 
operation of the SCBTL process is calculated in EXCEL and the process operation is assumed to be steady at each 
time step of a one-year, hourly averaged solar insolation time-series. The time series of the insolation data used in 
this study is for the summer-to-summer period (June 1st, 2004 to May 31st, 2005) and the corresponding site is 
Farmington, in northern New Mexico [14]. The steady operated system is simulated by ASPEN PLUS. 
The SDFB gasifier is based on the model developed as described in Guo et al. [8]. The feedstock is the blend of 
lignite and wood and the properties are shown in Table 1. The required pyrolysis data of the lignite and wood are 
obtained from experimental results in literature [15-18]. The lignite and wood are both dried to 2% moisture.  
Table 1. Proximate and ultimate analysis of coal 
Proximate 
analysis (wt %) 
Lignite [17, 18] 
(as received) 
Wood [15, 16] Ultimate 
analysis (wt %) 
Lignite [17, 18] 
(as received) 
Wood [15, 16] 
Fixed carbon 46.4 15.9 C 63.63 48 
Volatile matter 36.9 82.1 H 4.08 6.2 
Water 6.8 2 O 19.53 45.6 
Ash 9.9  N 0.96 0.2 
   S 1.18  
   Ash 10.62  
2.3. System performance analysis 
The performance of the SCBTL system is assessed for varying char conversion in the gasification reactor (Xchar,g) 
and the wood fraction in the blends of lignite and wood based on higher heating value (Fw,HHV). The lignite char and 
wood char are assumed to have the same conversion in the gasification reactor. The composition of the char on ash 
free basis is assumed to be constant during the char gasification process. In the present study, the bed material 
storage capacity (SC) and normalized solar field area (ĭpeak) are 16 hours and 3, respectively.  
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where mtank is the mass capacity of the storage unit; ীG is the mass flow rate of bed material to the gasification 
reactor. (Qnet,sol,full)ann(peak) is the value of Qnet,sol,full when the solar insolation reaches the annually peak value. 
To evaluate the annually averaged performance of the SCBTL system, the parameters of annually averaged solar 
share (SSann) [19], annually averaged FTL output and net electricity output per unit feedstock (QFTL,HHV,ann / 
Qfeed,HHV,ann and Wnet,ann / Qfeed,HHV,ann), annually averaged FTL production efficiency and net electricity efficiency 
(ȘFTL,HHV,ann and Șelec,ann) and annually averaged mass flow rate of MTT CO2 emission per unit output (ীCO2,ann / 
( QFTL,HHV,ann+Wnet,ann)) have to be determined. In present study, the biomass is considered to be carbon-neutral. 
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where Qnet,sol,ann is the annually averaged value of Qnet,sol. 
Equations 9 and 10 are derived from Equations 6-8: 
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Energy balance of the SCBTL system is assessed to identify the heat loss distribution. Qnet,sol,ann and Qfeed,HHV,ann 
are considered as the input energy to the system, the outputs of the system are liquid fuel, electricity and heat loss in 
each component of the system. 
3. Results and discussion 
From the perspective of the environmental and energetic performance, the increase of energetic output and 
reduction of CO2 emission are the main motivation to integrate solar energy into polygeneration system (FTL and 
electricity). The following results achieved from the simulation of SCBTL system will show the energetic output 
and CO2 emission of the system as a function of HHV based wood fraction (Fw,HHV) and Xchar,g. 
3.1. Energy output of the SCBTL system per unit feedstock 
Fig. 4a shows the annually averaged FTL output and net electricity output of the SCBTL system per unit 
feedstock as a function of (Fw,HHV) and Xchar,g. It can be seen that decreasing Xchar,g decreases the FTL output per unit 
feedstock (QFTL,HHV,ann/Qfeed,HHV,ann) significantly while very slightly increases the net electricity output per unit 
feedstock (Wnet,ann/Qfeed,HHV,ann). The impact caused by Xchar,g on the FTL output is much smaller under higher Fw,HHV. 
Moreover, increasing Fw,HHV increases the Wnet,ann/Qfeed,HHV,ann while reduces QFTL,HHV,ann/Qfeed,HHV,ann. However, the 
impact of Fw,HHV on QFTL,HHV,ann/Qfeed,HHV,ann is more significant at higher Xchar,g. The QFTL,HHV,ann/Qfeed,HHV,ann for 
Xchar,g of 100%, is decreased by 25% from 70.9% to 53.2%, while 15.3% for Xchar,g of 70%, from 57% to 49% as 
Fw,HHV is increased from 0 to 100%. On the hand, the total energy output per unit feedstock ((QFTL,HHV,ann+ 
Wnet,ann)/Q feed,HHV,ann) for Xchar,g of 100% is decreased by 14.8% and only 3% for Xchar,g of 70% as Fw,HHV increases 
from 0 to 100%. 
The impact on the QFTL,HHV,ann/Qfeed,HHV,ann by the increase in Fw,HHV and the decrease in Xchar,g. could be due to the 
variation of annually averaged solar share (SSann) and the FTL output efficiency (ȘFTL,HHV,ann) of the SCBTL system, 
as shown in Equations 9 and 10. Fig. 4b presents the SSann of the SCBTL system as a function of Fw,HHV and Xchar,g. 
It can be seen that the SSann increases with Xchar,g. But this impact is reduced with the increasing in Fw,HHV. As shown 
in Fig. 4b, a higher SSann can be achieved for the SCBTL system with a lower Fw,HHV when the Xchar,g is close to 
100%. However, the SCBTL system with a higher Fw,HHV has much higher SSann when the Xchar,g is lower than 85%. 
For a Fw,HHV of 0, the SSann decreases significantly from 24% to 0 as the Xchar,g is decreased from 100% to 57%. In 
this case, the combustion of char from the gasification reactor is enough to provide the endothermic heat required by 
the gasification reactions. Although the SCBTL system with a Fw,HHV of 1 has a lower SSann than that of the SCBTL 
system with a Fw,HHV of 0 when Xchar,g is 100%, the SSann of the former system  is around 13% which is much higher 
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than 0 when Xchar,g is 57%. A high Xchar,g (especially higher than 85% case) is quite difficult to achieve in the 
bubbling fluidized bed (BFB) gasification reactor under temperature of ࡈC, at atmospheric pressure and under 
steam environment [11]. Therefore, this reduction of the impact of Xchar,g is very important. 
 
 
Fig. 4. (a) The annually averaged FTL output and net electricity output of the SCBTL system per unit feedstock as a function of wood fraction 
and char conversion in the gasification reactor; (b) The annually averaged solar share of the SCBTL system as a function of wood fraction and 
char conversion in the gasification reactor. 
 
Fig. 5. (a) The annually averaged FTL production efficiency and net electricity efficiency as a function of wood fraction and char conversion in 
the gasification reactor; (b) The annually averaged energy distribution of the SCBTL system as a function of wood fraction (Xchar,g=100%). 
Fig. 5a shows the annually averaged FTL production efficiency (ȘFTL,HHV,ann) and net electricity efficiency 
(Șelec,ann) as a function of Fw,HHV and Xchar,g. The ȘFTL,HHV,ann decreases with Xchar,g. The decrease in ȘFTL,HHV,ann and 
SSann can explain the impact of Xchar,g on the QFTL,HHV,ann / Qfeed,HHV,ann. On the other hand, the decrease in Xchar,g 
increases the Șelec,ann, which can explain the variation of Wnet,ann/Qfeed,HHV,ann caused by Xchar,g. The influence of Xchar,g 
on the Șelec,ann and Wnet,ann / Qfeed,HHV,ann is less significant than the influence on the ȘFTL,HHV,ann and QFTL,HHV,ann / 
Qfeed,HHV,ann. Besides, the increase in Fw,HHV decreases the ȘFTL,HHV,ann while increases Șelec,ann significantly. The 
decrease in ȘFTL,HHV,ann and SSann can explain the increase in QFTL,HHV,ann / Qfeed,HHV,ann with Fw,HHV. Moreover, the 
increase in Șelec,ann can contribute to the increase in Wnet,ann / Qfeed,HHV,ann with Fw,HHV. 
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To further understand the effect of Fw,HHV on the efficiency of the SCBTL system, the energy balance analysis of 
the system  is required. Fig .5b shows the annually averaged energy distribution of the SCBTL system as a function 
of Fw,HHV for the Xchar,g of 100%. The relative low operating temperature at atmospheric pressure with steam leads to 
a higher methane content in the syngas for the system with higher Fw,HHV. In the present study with once-through 
polygeneration system, the higher methane in the syngas resulted in higher electricity generation in the combined 
cycle, and lower carbon value in the FTL, as shown in Fig. 5b. As a result, higher electricity generation will increase 
the heat loss via air compress inter cooler loss, heat loss in gas turbine exhaust gas and heat loss in steam turbine 
condenser) and lower the overall first law energy efficiency of the system. As shown in Fig. 5b, the heat is mainly 
lost through the syngas cooling and upgrading process as well as the increase in Fw,HHV. This increase could be 
caused by the increase in excess water vapor content in the syngas with Fw,HHV (In present study, the steam/C is 
fixed to be 1.6kg/kg for all the scenarios). 
 
Fig. 6. The annually averaged MMT GHG emission of the SCBTL system and non-solar CBTL system as a function of wood fraction and char 
conversion in the gasification reactor. 
Fig. 6 presents the annually averaged MTT GHG emission for the SCBTL and non-solar CBTL systems as a 
function of Fw,HHV and Xchar,g. It can be seen that the MTT GHG emission of the SCBTL system decreases with the 
increase in Xchar,g. However, the increase in Fw,HHV reduces the influence of Xchar,g on the MTT GHG emission. The 
influence of Xchar,g on the MTT GHG emission is negligible for both systems when Fw,HHV is equal to 1. Moreover, 
the increase in Fw,HHV reduces the MTT GHG emission of the SCBTL system due to the carbon neutrality of 
biomass. For the MTT GHG emission of the CBTL system to match the WTT GHG emission for the conventional 
tar sands, a Fw,HHV larger than 0.45 is required [5, 6]. In comparison, for the SCBTL system with Xchar,g of 70% and 
100%, the Fw,HHV value was found in between 0.37 and 0.24. It is important to reduce Fw,HHV as the feedstock cost of 
biomass is much higher than coal . Furthermore, with a Fw,HHV higher than 0.65, the CBTL system can achieve lower 
GHG emission than all forms of mineral crude currently in production [5, 6]. However, for the SCBTL system with 
Xchar,g of 70% and 100%, this value is reduced to 0.59 and 0.52, respectively. To achieve zero GHG emission from 
the CBTL system, the value of Fw,HHV should be higher than 0.72. However, for the SCBTL system with Xchar,g of 70% 
and 100%, the zero GHG emission can be achieved when the Fw,HHV is higher than 0.61 and 0.67, respectively. 
4. Conclusion 
In present study, the performance of the SCBTL system via a SDFB gasifier is found to be less sensitive to char 
conversion in the GR (Xchar,g) than the SCTL system. The annually averaged solar share (SSann) of the SCTL system 
is dropped from 24% to 0, as the Xchar,g is decreased from 100% to 57%. However, with the same decrease in Xchar,g, 
the SSann of the SCBTL system with HHV based wood fraction (Fw,HHV) of 50% and 100% only reduced to 7% and 
13%, respectively, despite of the lower SSann than SCTL system when Xchar,g is at 100%. A high Xchar,g (especially 
higher than 85%) is quite difficult to achieve in the BFB JDVLILFDWLRQ UHDFWRU XQGHU ORZ WHPSHUDWXUH ࡈC) at 
atmospheric pressure under steam environment. Therefore, it is important to reduce the significance of Xchar,g. 
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Co-gasification of biomass and coal can lower the GHG emission intensity of the CTL plant quite significantly. 
A minimum Fw,HHV of 0.45 is required for the non-solar CBTL system to achieve MTT GHG emission which 
matches the well-to-tank GHG emission for conventional tar sands. The impact of Xchar,g on the minimum value 
Fw,HHV is negligible for non-solar CBTL system. As for SCBTL with the integration of solar energy, the minimum 
Fw,HHV is reduced to 0.37 and 0.24 for  Xchar,g of 70% and 100%, respectively. This reduction is very important 
because biomass is much more expensive than coal. 
A higher net electricity output and a lower FTL output per unit feedstock were found in the SCBTL system with 
higher wood fraction. However, the influence of wood fraction on the FTL output per unit feedstock is less at lower 
Xchar,g, while the Xchar,g has negligible influence on the net electricity output per unit feedstock. In the energy balance 
analysis, the low FTL output is associated with the high electricity production and the heat loss at higher wood 
fraction. For the SCBTL system with higher wood fraction, the higher methane content in the syngas could be one 
of the main reasons which lead to the higher electricity production and lower carbon stored in the FTL. Moreover, 
the higher excess steam in the raw syngas from gasification reactor would also impact the efficiency of the overall 
system. In the future, parameters optimization (e.g. steam flow rate to gasification reactor) and other system design 
options (e.g. recycle Fischer-Tropsch process) need to be studied to improve the performance of SCBTL. 
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